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Abstract 
NiTiAl based alloys have attracted attention as potential high temperature structural materials. Alloying is an effective way to
improve their mechanical properties. The microstructures and mechanical properties of Ni50Ti44xAl6Mox (x = 0, 0.5, 1, 1.5, 3) 
alloys have been investigated by X-ray diffraction (XRD), scanning electron microscope (SEM), transmission electron micro-
scope (TEM) and compressive tests. It is found that Ni50Ti44xAl6Mox alloy is composed of NiTi (B2) and Ti2Ni (FCC) phases 
when Mo content is no more than 1 at%. The effect of Mo solid solution hardening at room temperature has been indicated by 
the rise of yield strength and the fall of plasticity with increasing Mo content. For Ni50Ti42.5Al6Mo1.5 and Ni50Ti41Al6Mo3 alloys, 
a Mo solid solution appears and increases the yield strength by precipitation strengthening. The maximum yield strength at 
600 °C and elevated temperatures is presented in Ni50Ti43Al6Mo1 alloy not in alloys with a higher Mo content, which is possibly 
due to the softness of Mo-Ti-Ni solid solution phase. 
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1. Introduction1
NiTiAl based alloys have already been reported as 
potential high temperature structural materials used in 
aerospace applications[1-4]. Al addition substituting for 
Ti can remarkably enhance the near-equiatomic NiTi 
alloys at room and elevated temperatures (e.g. 800 °C), 
especially when Al content is high enough to precipi-
tate Ni2TiAl (ȕ') phase coherent to NiTi (ȕ2) matrix 
associated with proper heat treatment such as solution 
and aging[1-2]. In our recent works, it is indicated that 
the substitution of Al for Ni or Ti could dramatically 
reinforce NiTi alloys by precipitation of Ti2Ni phase, 
and the yield strength of 1 200 MPa and compressive 
strain more than 10% were achieved at room tempera-
ture for Ti50Ni44Al6 alloy[5-6]. Refractory alloying ele-
ment Nb can remarkably increase the yield strength of 
NiTiAl alloy from room temperature to 700 °C, and the 
specific strength of Ti50Ni40Al8Nb2 alloy was larger 
than that of Rene95 at 650 °C[7-8]. On the other hand, 
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Nb can also improve the oxidation resistance of NiTiAl 
alloys at elevated temperatures up to 800 °C[6,9-10].
As a refractory alloying element, Mo has been used 
to improve the mechanical properties of some superal-
loys and intermetallics. Mo could raise the yield 
strength and ductility of TiAl intermetallics[11] and the 
tensile ductility of NiAl at room temperature in the 
stress-relieved condition[12]. The addition of Mo into 
Nb-Si alloys can increase the melting point and 
strengthen the alloys by solid solution hardening[13].
Moreover, it has been found that the workability ac-
companying yield strength and fracture strength of 
NiTi and NiTiFe shape memory alloys have been im-
proved by Mo addition[14-16].
As far as we know, there is no report about the ef-
fects of Mo on the mechanical properties of NiTiAl 
intermetallic alloys. In the present work, NiTiAlMo 
alloys are prepared and the effects of Mo on the com-
pressive strength are investigated associated with the 
microstructure analysis. 
2. Experimental Procedures 
Ni50Ti44xAl6Mox (x=0, 0.5, 1, 1.5 and 3) alloys were 
prepared by arc melting, using high purity Ni, Ti, Al 
and Mo elements under Ar atmosphere. The ingots 
were turned over and remelted at least four times in Open access under CC BY-NC-ND license.
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order to obtain ingots homogeneous in composition and 
microstructure. It was considered that the composition 
of the alloys agreed with the nominal compositions 
because the weight loss during melting was less than 
0.2 wt%. Homogenization was performed in vacuum at 
1 000 °C for 6 h followed by air-cooling.  
The morphologies were investigated by a JSM 5600 
scanning electron microscope (SEM). X-ray diffraction 
(XRD) analysis was used to identify phase structures of 
the alloys. It was conducted on a Rigaku D/max 2 500 
using Cu KD radiation, excited to 40 kV, 200 mA and 
the scanning speed of 4(°)/min. Transmission electron 
microscopy (TEM) investigation was performed on a 
JEM2100F microscope operating at 200 kV. TEM disks 
were prepared by electropolishing in a solution of 20% 
perchloric acid and 80% methanol at 30 °C and 20 V. 
The phase compositions were determined by SEM and 
TEM using X-ray energy-dispersive spectrometry 
(EDS).
Vickers hardness (HV) was measured by using a mi-
cro-Vickers tester with 500 g load for 10 s at room 
temperature, and the average value was determined 
from at least six test records. Compressive tests were 
performed in the open air on a MTS 880 machine with 
an initial strain rate of 3.7×104 s1 at room temperature 
and elevated temperatures. The specimens with 
6 mmu9 mm in dimension were compressed to frac-
ture at room temperature and to 25% strain at other 
testing temperatures. 
3. Results and Discussion 
3.1. Microstructures 
The SEM back-scattered electron images of Ni50-
Ti44xAl6Mox (x=0, 1, 1.5, 3) alloys are shown in Fig.1. 
It is seen from Fig.1(a) that the Ni50Ti44Al6 alloy is 
composed of dual phases, a predominant phase (grey) 
and a second phase (black) along grain bound- 
Fig.1 Back-scattered electron images by SEM of 
Ni50Ti44xAlMox (x = 0, 1, 1.5, 3).
ary, consistent with the result of Ref.[5]. Thus the pre-
dominant phase is NiTi containing a small amount of 
Al and the second phase is Ti2Ni with a volume frac-
tion less than 5%. Similar morphology can be found in 
Ni50Ti43Al6Mo1 alloy as shown in Fig.1(b). As seen 
from Fig.1(c), besides the NiTi and Ti2Ni phases, some 
fine white particles are observed in Ni50Ti42.5Al6Mo1.5
alloy. Furthermore, when Mo content reaches 3 at%, 
some blocky white precipitates appear as shown in 
Fig.1(d). The white precipitates have been proved to be 
a Mo-rich phase by EDS using SEM (marked as 
SEM-EDS), whose composition is 72.26 Mo-22.07Ti- 
5.67Ni (at%) with a paucity of Al. Additionally, it 
seems that the Ti2Ni phases in Ni50Ti42.5Al6Mo1.5 and 
Ni50Ti41Al6Mo3 alloys are less in number than that in 
Ni50Ti43Al6Mo1 alloy. 
In order to further investigate the microstructure, 
TEM is performed on Ni50Ti42.5Al6Mo1.5 alloy and the 
images are shown in Fig.2. It can be seen from     
Fig.2(a) that two types of precipitate phases are em-
bedded in NiTi phase. The compositions of the pre-
cipitates and NiTi phase measured by EDS using TEM 
(marked as TEM-EDS) are listed in Table 1. The larger 
particle A (mean diameter is about 150 nm) is deter-
mined as 71.06Mo-21.31Ti-7.63Ni (at%) in composi-
tion, and thus it can be confirmed the same as the 
above mentioned white Mo-rich phase confirmed by 
SEM-EDS due to the very close composition. Based on 
the phase diagram of binary Ti-Mo alloy, this phase 
should be a Mo solid solution, denoted as Moss. The 
selected area diffraction pattern (SADP) in Fig.2(a) 
reveals that the Moss phase retains the bcc structure 
with the lattice parameter a = 0.31 nm. The particle B
about 20 nm in size is too small to actually determine 
its composition and structure, which is supposed to be 
a Mo-rich phase either. Some Ti2Ni particles have also 
been found within NiTi phase as shown in Fig.2(b) (see 
Table 1 for its composition), whose size ranges from 
200 nm to 500 nm. 
Table 1 Compositions of matrix and precipitates in 
Ni50Ti42.5Al6Mo1.5 alloy by TEM-EDS 
Composition/at% 
Phase 
Ni Ti Al Mo 
Matrix 52.00 42.10 4.90 0.90 
Moss (particle A)  7.63 21.31  71.06  
Ti2Ni (particle C) 32.30 60.80 1.50 5.40 
The X-ray diffraction patterns of Ni50Ti44xAl6Mox
alloys at room temperature are presented in Fig.3. The 
phase structures have been indexed and the results are 
consistent well with the above SEM and TEM observa-
tions. For Ni50Ti44Al6 alloy, the crystal lattice parame-
ters of B2 NiTi phase are calculated as a = b = c =
0.302 nm and the FCC Ti2Ni phase as a = b = c =
1.138 nm. It is noted that for Ni50Ti43Al6Mo1 alloy, the 
intensity of Ti2Ni phase peak is enhanced compared  
to Ni50Ti44Al6 alloy, meaning the increased volume  
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Fig.2  TEM images of Ni50Ti42.5Al6Mo1.5 alloy.
fraction of it. For Ni50Ti42.5Al6Mo1.5 and Ni50Ti41-
Al6Mo3 alloys, an additional Moss phase is observed, 
and the proportion of Moss phase increases with in-
creasing Mo content. This indicates that the solid solu-
bility of Mo in NiTi is very limited, and if the content 
of Mo exceeds a critical value, 1 at%-1.5 at%, Mo 
tends to form Moss phase rather than to be solution 
atom in NiTi phase. Similarly, a very low solid solubil-
ity of Mo in NiAl (B2) has also been reported, where 
45 at%-85 at% Mo-Ni phases with different sizes pre-
cipitate in NiAl-0.2Mo alloy[12]. For Ni50Ti41Al6Mo3
alloy, the crystal lattice parameter of bcc Moss phase is 
0.315 nm, consistent well with the corresponding data 
confirmed by TEM. 
Fig.3  XRD patterns of Ni50Ti44xAl6Mox (x = 0, 1, 1.5, 3) 
alloys at room temperature. 
3.2. Mechanical properties at room temperature 
The compressive stress-strain curves of Ni50Ti44x-
Al6Mox alloys at room temperature are shown in Fig.4. 
Table 2 summarizes the compressive 0.2% yield 
strength (V0.2), maximum strength (Vmax), compressive 
ductility (Hmax) as well as the HV of the examined al-
loys at room temperature, where Hmax is defined as the 
plastic strain corresponding to Vmax. It is explicit that 
the HV and ı0.2 intensely increase with increasing Mo 
content accompanied by a reduction in compressive 
strain, however, fracture occurs before yielding for 
Ni50Ti41Al6Mo3 alloy. For Ni50Ti42.5Al6Mo1.5 alloy, the 
V0.2 is 2 040 MPa, which is about 40% higher than that 
of the Ni50Ti44Al6 alloy. The related mechanism will be 
discussed later. 
Fig.4  Compressive stress-strain curves of Ni50Ti44xAl6Mox
(x= 0, 0.5, 1, 1.5, 3) alloys at room temperature. 
Table 2 Mechanical properties of Ni50Ti44-xAl6Mox (x = 0, 
0.5, 1, 1.5, 3) alloys at room temperature 
Parameter x =0 x =0.5 x =1 x =1.5 x =3 
HV 434 473 539 588 686 
V0.2 /MPa 1 480 1 692 1 878 2 040 
Vmax /MPa 1 878 1 977 2 090 2 065 1 540
Hmax / % 13 8 5 2 0 
Fig.5 shows the SEM images of the fracture mor-
phology of NiTiAlMo alloys compressed at room tem-
perature. Transgranular cleavage-type fracture mode is 
predominant for Ni50Ti44Al6 alloy, however some facets 
and small dimples are also visible as shown in Fig.5(a). 
It can be seen from Fig.5(b) that the fracture surface of 
Ni50Ti43Al6Mo1 alloy shows transgranular cleavage 
with featherlike pattern. It is worth noting that tearing 
ridges formed during the crack propagating numer-
ously appear on the fracture surface of Ni50Ti44Al6 al-
loy, but occasionally exist on fracture surface of 
Ni50Ti43Al6Mo1 alloy. This means a negative influence 
of Mo on the plasticity of NiTiAl alloy. Therefore, 
Ni50Ti41Al6Mo3 alloy exhibits a typical brittle fracture 
with flat fracture surface implying very weak crack 
propagation resistance, as shown in Fig.5(c). 
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Fig.5  SEM of fracture surfaces of Ni50Ti44xAl6Mox (x = 
0,1,3) alloys. 
3.3. Mechanical properties at elevated temperatures 
The compressive stress-strain curves of Ni50Ti43-
Al6Mo1 alloy at elevated temperatures are shown in 
Fig.6. At 600 °C, the sample shows a deformation 
hardening after the stress decrease, and then a low and 
linear work hardening rate until the plastic deformation 
exceeds 20%. It is suggested that the further strain 
hardening and dynamic recrystallization in the course 
of particles coarsening determine the flow stress 
value[5], which may cause the flow stress to directly 
reach a steady-state value at 800 °C. Consistent with 
NiTiAl alloys[5-6], the yield strength of NiTiAlMo al-
loys decreases with increasing temperature. Fig.7 illus-
trates the relationship between the compressive yield 
strength (V0.2) and Mo content at elevated temperatures. 
It is seen that the maximum of V0.2 at 600 °C is 
940 MPa for Ni50Ti43Al6Mo1 alloy, which is 62% 
higher than that of Ni50Ti44Al6 alloy. The specific 
strengths of Ni50Ti43Al6Mo1 alloy are 305 MPa/(g·cm3)
at room temperature and 153 MPa/(g·cm3) at 600 °C, 
higher than that of Ti-48Al alloy at respective tem-
perature[17]. Despite the deformation temperature, V0.2
reaches the maximum value at 1 at% Mo content, and 
then decreases gradually with increasing Mo content. 
Fig.6  Compressive stress-strain curves of Ni50Ti43Al6Mo1
alloy at elevated temperatures. 
Fig.7  Effects of Mo addition on compressive yield strength 
at elevated temperatures. 
The above results indicate that Mo addition can dra-
matically enhance the alloys at room and elevated 
temperatures. Generally, the strength of dual-phase 
alloy depends on the volume fraction, shape and dis-
tribution and the strength of each phase. Fig.1(a) and 
Fig.1(b) show that the morphology and the volume 
fraction of the Ti2Ni in NiTiAlMo alloys are inde-
pendent of the Mo content when Mo content is no more 
than 1 at%. This suggests that the effects of Ti2Ni on 
the mechanical properties of these alloys are at the 
same level. Hence, the change of mechanical properties 
should be mainly attributed to the solid solution hard-
ening of Mo. Based on the elastic interaction theory, 
two factors affect the degree of solid-solution harden-
ing, namely, the size misfit and the solubility limit of 
the alloying element in NiTi. The larger the size misfit, 
the higher the solid-solution hardening rate is. The ad-
dition of larger size Mo atom will distort the lattice of 
NiTi phase and thus induces solid solution hardening, 
which has been found in TiNiMo and TiNiNbMo al-
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loys[15], and accordingly, the Vickers hardness increases 
from 434 for Ni50Ti44Al6 alloy to 588 for 
Ni50Ti43Al6Mo1 alloy. Furthermore, with a very high 
melting point of 2 610 °C, Mo can improve the heat 
stability of NiTi phase and increase the yield strength at 
elevated temperatures.  
For Ni50Ti42.5Al6Mo1.5 alloy, Moss precipitates due to 
the low solubility limit of Mo in NiTi of no more than 
1.5 at%[17]. Moss has been determined as a Mo-rich 
phase with Mo-21.31Ti-7.63Ni in composition, which 
should be a hard phase with high strength as Mo-Ti 
alloy commonly being. Therefore, besides the effect of 
solid solution hardening, the precipitation strengthen-
ing of Moss should be another reason for the increase 
of HV and V0.2 and the decrease of plasticity at room 
temperature. Similar phenomenon has also been found 
in NiTi (Fe, Mo) alloys, in which the elongation re-
markably decreases when Mo content reaches      
1.5 at%[12]. For Ni50Ti41Al6Mo3 alloy, both solid solu-
tion hardening and precipitation strengthening are re-
sponsible for the further increase of hardness. Its poor 
deformation ability indicated by the fracture before 
yielding is believed to be attributed to the presence of 
blocky Moss phase. The reduction of yield strength of 
Ni50Ti42.5Al6Mo1.5 and Ni50Ti41Al6Mo3 alloys at ele-
vated temperatures may be due to the fact that Moss 
particles soften and coarsen at high temperature. Actu-
ally, a more extensive work should be done to reveal 
this mechanism.    
4. Conclusions 
(1) NiTiAlMo alloy is composed of NiTi and Ti2Ni
phases when Mo content is no more than 1 at%. The 
yield strength increases and the plasticity decreases at 
room temperature with increasing Mo content, which is 
due to the effect of solid solution hardening.  
(2) For Ni50Ti42.5Al6Mo1.5 and Ni50Ti41Al6Mo3 alloys, 
a Mo solid solution appears and exhibits precipitation 
strengthening effect.  
(3) The maximum yield strength at 600 qC and ele-
vated temperatures is presented in Ni50Ti43Al6Mo1 alloy 
not in alloys with a higher Mo content, which is possi-
bly due to the softness of Mo solid solution phase. 
References 
[1] Koizumi Y, Ro Y, Nakazawa S, et al. NiTi-base inter-
metallic alloys strengthened by Al substitution. Materi-
als Science and Engineering A 1997; 223(1-2): 36-41. 
[2] Jung J, Ghosh G, Olson G B. A comparative study of 
precipitation behavior of Heusler phase (Ni2TiAl) from 
B2-TiNi in Ni-Ti-Al and Ni-Ti-Al-X (X = Hf, Pd, Pt, 
Zr) alloys. Acta Materialia 2003; 51(20): 6341-6357. 
[3] Warren P, Murakami Y, Koizumi Y, et al. Phase separa-
tion in NiTi-Ni2TiAl alloy system. Materials Science 
and Engineering A 1997; 223(1-2): 17-20. 
[4] Enomoto M, Kumeta T. Analysis of the ȕcNi2TiAl/ 
ȕNiTi equilibrium in Ni-Ti-Al alloys by the cluster 
variation method. Intermetallics 1997; 5(2): 103-109.  
[5] Meng L J, Li Y, Zhao X Q, et al. The mechanical prop-
erties of intermetallic Ni50xTi50Alx alloys (x = 6, 7, 8, 
9). Intermetallics 2007; 15(5-6): 814-818. 
[6] Xu H B, Meng L J, Xu J, et al. Mechanical properties 
and oxidation characteristics of TiNiAl(Nb) intermetal-
lics. Intermetallics 2007; 15(5-6): 778-782.  
[7] Qiu G S, Zhao X Q, Meng L J, et al. Effects of Nb on 
the high temperature mechanical properties of TiNiAl 
alloys. Material Science Forum 2007; 546-549: 
1477-1480.
[8] Meng L J, Li Y, Zhao X Q, et al. Effect of Nb on 
strengthening mechanism of Ti-rich TiNiAl Intermetal-
lics. Acta Aeronautica et Astronautica Sinica 2007; 
28(5): 1206-1209. [in Chinese] 
[9] Xu J, Zhao X Q, Gong S K. The influence of Nb diffu-
sion on the oxidation behavior of TiNiAlNb alloys with 
different Ti/Ni ration. Materials Science and Engineer-
ing A 2007; 458(1-2): 381-384. 
[10] Zhao X Q, Xu J, Tang L, et al. High temperature oxida-
tion behavior of NiTiNb intermetallic alloys. Intermet-
allics 2007; 15(8): 1105-1115. 
[11] Mao Y, Hagiwara M, Emura S. Creep behavior and 
tensile properties of Mo- and Fe- added orthorhombic 
Ti-22Al-11Nb-2Mo-1Fe alloy. Scripta Materialia 2007; 
57(3): 261-264.  
[12] Liu C T, Horton J A, Jr. Effect of refractory alloying 
additions on mechanical properties of near-stoichio- 
metric NiAl. Materials Science and Engineering A 
1995; 192-193: 170-178.  
[13] Geng J, Tsakiropoulos P, Shao G. The effects of Ti and 
Mo additions on the microstructure of Nb-silicide based 
in situ composites. Intermetallics 2006; 14(3): 227-235. 
[14] Liu F S, Li Y, Li Y, et al. A study on TiNi(Fe, Mo) 
shape memory alloy. Materials Science and Engineer-
ing A 2006; 438-440: 896-899. 
[15] Chen Y, Jiang H C, Liu S W, et al. The effect of Mo 
additions to high damping Ti-Ni-Nb shape memory al-
loys. Materials Science and Engineering A 2009; 
512(1-2): 26-31. 
[16] Liu F S, Ding Z, Li Y, et al. Phase transformation be-
haviors and mechanical properties of TiNiMo shape 
memory alloys. Intermetallics 2005; 13(3-4): 357-360. 
[17] Huang S C, Hall E L. Plastic deformation and fracture 
of binary TiAl-base alloys. Metallurgical and Materials 
Transactions A 1991; 22(2): 427-439. 
Biographies: 
Song Xiaoyun  Born in 1982, she received B.S. degree from 
Beijing Institute of Technology in 2005, and then became a 
Ph.D. candidate in Beijing University of Aeronautics and 
Astronautics. Her main research interest is structural materi-
als. 
E-mail: sxy@mse.buaa.edu.cn 
Li Yan  Born in 1973, he is an associate professor in School 
of Materials Science and Engineering, Beijing University of 
Aeronautics and Astronautics. His main interest includes new 
intermetallics for aerospace applications. 
E-mail: liyan@buaa.edu.cn 
